Transition metal dichalcogenides represent an ideal testbed to study excitonic effects, spin-related phenomena and fundamental light-matter coupling in nanoscopic condensed matter systems. In particular, the valley degree of freedom, which is unique to such direct band gap monolayers with broken inversion symmetry, adds fundamental interest in these materials. Here, we implement a Tamm 
Introduction
Two-dimensional atomic crystals of transition metal dichalcogenides (TMDCs) have advanced to become one of the most popular materials to study the physics of excitonic quasiparticles. This is partly a result of the enormous exciton binding energies up to 550 meV 1,2 and of the materials' unique spinrelated and non-linear properties [3] [4] [5] . The latter are a direct consequence of the broken inversion symmetry of the monolayers in combination with a strong spin-orbit coupling inherited by the transition metal atoms, lifting the degeneracy of the high symmetry k points in the honeycomb lattice 6 . This valley degree of freedom has now been vastly explored in WS2, WSe2, MoS2 and MoSe2 [6] [7] [8] [9] [10] . Surprisingly, while valley polarization in WS2, WSe2 and MoS2 is routinely observed even under non-resonant excitation conditions up to room temperature 11, 12 , spin-valley dephasing leads to a rapid depolarization in MoSe2 13, 14 . The dynamic process of valley polarization and depolarization strongly depends on the carrier redistribution, scattering and emission lifetime, and thus can be tailored by coupling the excitonic resonances to microcavity modes. In this context, in particular the strong coupling regime is of great interest. Strong coupling leads to a hybridization of light and matter modes and provides a large versatility in tailoring photonic and excitonic properties, such as particle interactions, scattering, and spinor related effects.
Here, we study a system composed of a single MoSe2 monolayer embedded in a III-V -metal hybrid photonic microstructure [15] [16] [17] [18] [19] . Substrate engineering allows to transfer a significant part of the oscillator strength form the exciton resonance to the trion resonance. Thus, strong coupling with the MoSe2 trion resonance can be established and is manifested by the characteristic energy-momentum dispersion relations of the polariton branches by angle-resolved photoluminescence measurements. Time-resolved measurements reveal that the recombination dynamics speed up, which in turn results in a higher timeaverage valley polarization in the polariton ground state as compared to bare monolayers. Furthermore, we detect upconversion luminescence from the upper trion-polariton branch as the system is driven resonantly into the lower polariton ground state. Due to the fast conversion process, the valley polarization is macroscopically preserved in this proof-of-principle experiment, resulting in an elliptical polarization with a circular polarization degree of 13% and a linear polarization of 26 % following the circular pump.
Sample characterization and methods
The investigated monolayer flake is shown in Fig. 1a . The monolayer of MoSe2, mechanically exfoliated from a bulk crystal, was transferred with a polymer stamp onto the top GaInP layer (10nm) of a distributed Bragg reflector (DBR), consisting of 30 pairs of AlAs/AlGaAs layers (Fig. 1d ). The photoluminescence from this monolayer (Fig. 1b) , recorded at 5 K under 532 nm excitation (Nd:YAG laser) is strongly trion-dominated, with linewidths of 9.3 meV and 9.7 meV for exciton ( = 1.6681 eV) and trion ( − = 1.6334 eV), respectively. It should be noted that both the very high ratio of trion to exciton intensity of 80 and the very high trion dissociation energy of 34.7 meV serve as a strong indicator of a large free electron accumulation in the monolayer 20, 21 which is a consequence of the chosen GaInP substrate 22 . If the trion is excited quasi-resonantly via the exciton resonance (743nm, tunable Msquared Solstis Ti:Saphire laser, cw mode) the emission linewidth decreases to 7.6 meV, along with a slight blue-shift and a 20-fold increase in intensity (Fig. 1b inset) . Interestingly, after we cap the monolayer with 80 nm poly(methyl methacrylate) (PMMA), part of the oscillator strength is transferred back to the exciton resonance along with a red-shift of the exciton to 1.6632 eV and blue-shift of the trion to 1.6354 eV. The reduction of the trion dissociation energy down to 27.8 meV can be understood as a consequence of the reduced density of free carriers in the system after PMMA capping. In turn, the exciton and trion screening from free carriers is also reduced, which ultimately results in a redshift of the exciton and a blueshift of the trion 21 . Nevertheless, the PL signal is still strongly trion-dominated. A reflectivity measurement of the monolayer confirms that the oscillator strength is actually transferred from the exciton to the trion which is in contrast with previous observations of MoSe2 monolayer on different substrates and other doping mechanisms 20 even after PMMA capping (Fig. 1c) . In fact, the integrated area of the absorption dips is a more valid and even proportional measure of the oscillator strength. This observation is of major importance for the coupling of the trion resonance to an optical mode and is also remarkable since conventional photo-doping does not result in a comparable transfer of oscillator strength 20 .
The photonic Tamm structure is completed by evaporation 60 nm of gold on top of the PMMA layer (Fig. 1d) . The bottom DBR supports a very high reflectivity of 99.97 % in a spectral range between 745 nm and 790 nm. This type of photonic microstructure features a strong field enhancement close to the metallic interface (see Fig. 1e ), which has proven to suffice for promoting polariton formation with The spectra were recorded in a single shot in an angle-resolved setup via imaging the objective's Fourier plane onto a high resolution charge coupled device (CCD) array chip. In order to cover a large emission angle, thus accessing a sizeable spectral tuning range, we use a high magnification (50 x) microscope objective with a numerical aperture of 0.65. Since the polariton in-plane momentum k|| is proportional to sin( ), with being the PL emission angle, this allows us to project an in-plane momentum range of up to 5.5 µm -1 onto the CCD chip of our spectrometer in the far-field imaging configuration. For polarization measurements we use a λ/4 waveplate to generate + / − polarized light and analyzed the emitted signal with a rotatable λ/4 waveplate followed by a linear polarizer. We used a beam splitter preserving 98% polarization. In addition, the incident laser was analyzed by a polarimeter at various positions in the optical path in order to ensure a circular degree of polarization more than 99.9%. A detailed sketch of the setup can be found in supplementary S4.
Time-resolved photoluminescence (PL) measurements were performed in a self-built confocal microscope setup. A frequency-doubled pulsed fiber laser system (TOPTICA TVIS, pulse length (FWHM) 180 fs, pulse repetition rate 80 MHz) tuned to a central wavelength of 700 nm was used as excitation source, coupled into a 100x microscope objective and focused to a spot diameter of less than 1 micron on the sample surface. The PL from the sample was collected using the same objective and coupled into a grating spectrometer, where it was detected using a streak camera coupled to the spectrometer and electronically synchronized with the pulsed laser system. The temporal resolution of this setup (HWHM of the pulsed laser trace) is below 4 ps. The sample was mounted on the cold finger of a He-flow cryostat and positioned beneath the microscope objective with sub-micron resolution using a motorized xy table. All experiments were conducted at 5K.
Results
We first probe our device under 743 nm optical excitation (exciton resonance). We observe an intense luminescence signal from two curved branches ( In case of the trion-polarition, rise time and in particular decay time must be interpreted differently, since the radiative lifetime of the polariton ground state is expected to be significantly below the resolution limit due to the light fraction of the polariton. In comparison to the trion, the trion-polariton exhibits a significantly prolonged rise time. This characteristic turn-on delay has been observed for GaAs-polariton samples 34 and partly reflects the relaxation dynamics from reservoir states into polariton states. This relaxation is typically associated with the emission of multiple phonons. However, phonon emission is reduced in polariton modes due to its curved in-plane dispersion. This so-called bottleneck effect is well known from exciton-polaritons in more conventional material systems [35] [36] [37] . The initial decrease in rise time with power can again be explained by faster trion-formation at higher concentrations. In addition to phonon-polariton scattering, there is a second scattering mechanism for polariton relaxation, namely polariton-polariton scattering. This mechanism strongly acts on the depopulation of the reservoir states, which manifests in the decay time. Here, the decay time of the trionpolariton signal is significantly reduced to about 12 ps compared to the free trion (by a factor of 2). This relaxation enhancement is well described in the literature 38 and evidences fast relaxation into polariton states facilitated by polariton-polariton particle scattering processes. Both, this distinct enhancement of polariton relaxation and also the assumed very fast radiative decay are highly beneficial to maintain the valley polarization of the injected reservoir, as shown in Fig. 2c ).
Since relaxation dynamics into the polaritons ground state and the dynamics of its subsequent decay play an important role to maintain valley polarization, we furthermore test the inverse process: Exciting our system resonantly into the lower polariton energy ground state with a narrow band single frequency laser (energy 1.6336 eV) and observing PL from higher energy states. While the strong resonant laser background prevents us from studying the resonance fluorescence from the ground state, we can monitor a significant population from states with a large in-plane momentum associated with the upper polariton branch. The excitation/emission scheme of this experiment is illustrated in Fig. 4a .
Such a population can be the result of various phenomena: Phonon absorption has been evidenced to cool polariton systems efficiently, followed by anti-stokes luminescence from higher energy states 39 .
This process has been shown to be particularly efficient for moderate Q factors and polaritons with significant matter component (as in our case). In addition, polariton luminescence following the resonant absorption of two photons has been demonstrated 40 . Related processes have recently been observed in WSe2 41, 42 , even under rather weak CW laser excitation. In our experiment, the upconversion energy of about 30 meV can be plausibly explained by both mentioned processes.
To shed more light into the origin of the luminescence in our device, we plot the emitted intensity of the In order to address the trion-polariton valley degree of freedom in the polariton frequency upconversion experiment, we resonantly inject polaritons into the lower polariton branch with a − polarized laser.
The polarization state of the converted polariton luminescence from the upper branch is then studied by a fourier analysis methode using a rotating /4 waveplate 43 . We carefully map out the state of polarization by tuning a /4 waveplate in front of a linear polarizer, and measure the angle-resolved PL spectra as a function of the /4 waveplate rotation angle. We then plot the integrated peak intensity I versus rotation angle . All four Stokes parameters S0, S1, S2 and S3 can now be extracted by fitting the acquired function with
and the condition . The corresponding spectra for this case are presented Fig. 4b . In principle, the characteristic oscillation of the emitted intensity has a period of 180°, which is sufficient of extract all Stokes parameters. For completeness, and to test the reproducibility of our experiment, we measure a full rotation of 360 ° (see 
